Contact pressure and stresses on the articulating surface of the tibial component of a total knee replacement are directly related to the joint contact forces and the contact area. These stresses can result in wear and fatigue damage of the ultra-high-molecular-weight polyethylene. Therefore, conducting stress analysis on a newly designed surface-guided knee implant is necessary to evaluate the design with respect to the polyethylene wear. Finite element modeling is used to analyze the design's performance in level walking, stair ascending and squatting. Two different constitutive material models have been used for the tibia component to evaluate the effect of material properties on the stress distribution. The contact pressure results of the finite element analysis are compared with the results of contact pressure using pressure-sensitive film tests. In both analyses, the average contact pressure remains below the material limits of ultrahigh-molecular-weight polyethylene insert. The peak von Mises stresses in 90°of flexion and 120°of flexion (squatting) are 16.28 and 29.55 MPa, respectively. All the peak stresses are less than the fatigue failure limit of ultra-high-molecularweight polyethylene which is 32 MPa. The average contact pressure during 90°and 120°of flexion in squatting are 5.51 and 5.46 MPa according to finite element analysis and 5.67 and 8.14 MPa according to pressure-sensitive film experiment. Surface-guided knee implants are aimed to resolve the limitations in activities of daily living after total knee replacement by providing close to normal kinematics. The proposed knee implant model provides patterns of motion much closer to the natural target, especially as the knee flexes to higher degrees during squatting.
Introduction
In 2005, 38,300 knee revisions were performed in the United States, and this number is expected to rise to over 268,000 by 2030. 1 Predicting and evaluating the contact pressure on the tibial insert during the design process can lead to a reduction in the number of revisions and improve the longevity of total knee arthroplasty. The functionality of knee implants depends on joint kinematics, contact mechanics and load distribution. Joint kinematics depends on a variety of factors like the design of the implant, the shape of the tibiofemoral articulating surfaces, alignment of the components and the tension of the surrounding soft tissues like ligaments. Newer research studies have focused on designing and evaluating patient-specific knee implants to overcome the problems due to the shortcomings of current implants. Such customized knee implants use anatomical data of the patient to provide more anatomic shapes. 2, 3 The main reason for total knee arthroplasty is relief of severe disabling pain, which is caused by osteoarthritis and other joint pathologies. Activities of daily living like walking, stair ascending, stair descending, squatting and others impose loads of three to five times of body weight on the knee. These loads can result in the degeneration of ligaments, menisci, cartilage and bone. Obesity, lack of exercise and higher expectations of the patients have led to an increase in the number of total knee Arthroplasty (TKA) surgeries.
Ultra-high-molecular-weight polyethylene (UHMWPE) has been used in total knee arthroplasty for more than 50 years due to the good mechanical properties and well-tolerated behavior, especially frictional and wear properties in the body. Polyethylene (PE) wear, loosening, instability and infection are the main reasons for TKA revisions. PE wear is directly related to the size of the contact areas and the magnitude of contact pressure. 4, 5 PE wear results in wear particles around the knee implant, which can lead to osteolysis and in the long term might lead to implant loosening. Conformity, mechanical alignment and fixation of the components can affect the contact area and pressure. The stresses that are associated with the damage modes of PE are the maximum principal stresses acting normal to the surface and the maximum shear stresses. Thus, knowledge of contact pressure and contact area in TKA is a reliable factor to predict the potential wear of the PE. 6 Various experimental methods have been used to study the tibiofemoral contact characteristics of a knee implant, including pressure-sensitive films, for example, Fuji films, 7, 8 Tekscan sensors 9 and ultrasound techniques. As pressure-sensitive films are cheap, easy to use and provide satisfactory results, it has become a preferable method for testing knee implants. 10 According to Zdero et al., 7 pressure-sensitive films can be used with low-pressure thresholds to reduce the possibility of underestimating the contact area and consequently contact pressure between the femoral and tibial components.
A new surface-guided knee is designed 11, 12 based on the preliminary conceptual design of a surface-guided knee implant by Amiri et al., 13 considering the patientspecific anatomy of the femur and tibia. The surfaceguided knee utilizes features in the shape of the condyles to guide the motion without relying on cruciate ligaments. It controls the motion through interaction between the specifically shaped tibial and femoral articulating surfaces, which dictate the location of the femur on the tibia as the knee flexes. Achieving an adequate and close to normal range of motion and overall more normal performance of the knee joint is the final goal of all knee implant designs. The patient-specific surface-guided knee implant might also be able to reduce the contact pressures and von Mises stresses and so reduce the PE wear. Figure 1 shows femoral and tibial components of this new patient-specific surface-guided knee implant.
The goal of this project is to evaluate the contact pressure and von Mises stress on the articulating surfaces of the new surface-guided knee implant using finite element modeling. Finite element modeling can be used to determine internal stresses and strains and also kinetics and kinematics by imposing physiological boundary conditions. Therefore, finite element methods have been adopted in the investigation of TKA failure.
14 Finite element modeling has been used to estimate the stress distribution in several previous studies. Ishikawa et al. 15 have developed a two-dimensional finite element model to evaluate the effect of contact kinematics on the tibial PE insert during a gait cycle. Reeves et al. 16 used a two-dimensional sagittal plane model to examine the growth of plastic strains in the tibial PE insert due to repetitive loading. Godest et al. 17 used an explicit finite element model to simulate the kinematics and the internal stresses in knee implants during a gait cycle. In Godest's study, a threedimensional finite element model was used to predict the motion and the PE stresses when a knee joint replacement is subjected to complex loading conditions.
In this study, the FE model of the surface-guided knee with a linear elastic model of the tibia is developed for the prediction of contact pressures and von Mises stresses. A viscoelastic model is also considered for the tibial part to compare the results of contact pressures and von Mises stresses of these two models and to evaluate the effect of the material model that is used for the tibial part on predicted contact pressures. Some total knee arthroplasty patients have difficulty with some activities of daily living, such as entering a car, descending stairs and bending to the floor. These activities require flexion of the knee and the hip in a controlled descent, while the foot is in contact with the ground. Also, many TKA patients indicate that squatting is part of physiotherapy after surgery. Thus, in this article, the models are evaluated in high flexion angles and high loading conditions of level walking, stair ascending and squatting.
Also, experimental methods using pressure-sensitive films (e.g. Fuji films 18, 19 ) have been used for evaluating the contact area and contact pressure on articulating surfaces of the knee implants. In this project, the experimental test using Fuji films (Fuji film Holdings, Japan) has been conducted to compare its results with the outcomes of the finite element analysis (FEA).
Finite element modeling
The three-dimensional (3D) model of the knee geometry is created by Pejhan et al. 11, 12 by segmentation of magnetic resonance imaging (MRI) datasets from the studies by Guess et al. 20 It is the MRI of the right knee and the subject was 42. The MRI scans had a resolution of 384 3 384 pixels, with a pixel size of 0.7 mm. Then the image is imported in Mimics 16 (Materialise Mimics, Leuven, Belgium) to reconstruct the 3D surfaces of the joint (defining the boundaries of the bone and cartilage from the rest of the image). The 3D models are exported into 3matic v.8.0 (Materialise 3-matic, Leuven, Belgium) to define the required functional parameters for the design step. Basically, design parameters including reference axes like mechanical and anatomical axes of the femur and tibia are extracted from patient's joint model. Also, some landmarks required during the design process are extracted from the model. The design's output file format is STL (StereoLithography) which describes the surface geometry of a 3D object without any representation of color, texture or other common CAD model attributes. STL files are not suitable for ANSYS environment and meshing because the element size should be smaller than the smallest triangle on the surface and the computation cost and time would increase dramatically. For this purpose, Geomagic Studio (3D Digital 2002; Geomagic, Research Triangle Park, NC, USA) is used to convert STL files to CAD files which are more suitable file formats for ANSYS. The format of the CAD files used for stress analysis in ANSYS is IGES (Initial Graphics Exchange Specification).
A finite element model is developed for static analysis of the new knee implant using ANSYS/Academic Research v.14 (ANSYS Inc., Houston, PA, USA). In this analysis, implicit time integration has been used. The PE insert is modeled as a deformable body with a density of 0.936. 21 The femoral component is modeled as a rigid body since the CoCr alloy has moduli of elasticity (193,000 MPa) far greater than that of the PE insert, and it will reduce the computational time. The contact between the femoral and the tibial part is defined as frictional contact with a coefficient of friction of 0.04. 22 Due to the high characteristics of the frictional contact, the pure penalty method is used. This method is recommended to be used for frictional contacts because such an approach can fade out the influence of contact parameters on most of the output parameters. 23 In ANSYS, for the surface-to-surface contact elements, it is better to use Gauss integration points, which provide more accurate results than the Newton-Cotes/Lobatto nodal integration scheme. The hex-dominant mesh is used for the tibial component due to their higher convergence rate. The articular surface of the femoral component is meshed with linear quadrilateral elements. The element size of the components is 0.74 mm. The proper mesh size is determined based on convergence tests. Mesh sensitivity is studied and the mesh refinement changed the predicted peak contact stress by less than 2.7%. Mesh densities are determined by a mesh sensitivity study based on a prescribed accuracy requirement of less than 5% variance in peak contact pressure without oscillation between meshes as the mesh density is increased (Table 1) .
For each activity, the femur has been rotated about the flexion axis as much as the flexion angle required for the activity and has also been rotated about the pivotal axis, so that the femur would be in contact with tibia as we expect in a natural knee. Table 2 shows the amount of flexion angle and pivot angle (rotation of femur) that have been used for each activity in this article.
Constraint and loading
The fixed support is assigned on the bottom surface of the tibial component, and it is constrained in all directions at the distal end. For loading, ''bone on bone'' contact forces are used to determine the strength of an implant although these forces do not include cocontraction of muscles. 24 The axial load is applied to the upper surface of the femoral part, mimicking the bone-implant condition and a body mass of 80 kg. The loading conditions have been implemented according to ISO 14243-3:2009. The flexion of the knee is recreated by the rotation of the femoral component about a reference axis placed at the ISO specified flexion/extension axis location. Two different constitutive models are implemented, the linear elastic and viscoelastic models based on the true stress-strain behavior of PE. The linear elastic model is considered for its simplicity and computational efficiency. The linear elastic constitutive model of tibia includes a modulus of elasticity of 680 MPa and a Poisson's ratio of 0.46. 25 A viscoelastic material model is developed based on the stress relaxation behavior modeling of Waldman and Bryant. 26 The ANSYS formulated viscoelastic parameters include the density, modulus of elasticity and Poisson's ratio of UHMWPE, and the normalized shear relaxation modulus calculated from the data of Waldman and Bryant.
The finite element model is used to estimate the stress distribution in the implant during specific flexion angles with higher loading values during the gait cycle. The model is used to assess the stress distribution in the implant during the whole gait cycle (every five degrees of flexion). As stair climbing is associated with higher knee flexion moments than level walking, the model is used to simulate the condition of stair climbing with higher flexion angle and higher amount of loading. The remote point is created which is attached to the geometry of interest (femoral part). The loading is applied at this point and in the direction of a line that goes through the center of the sagittal articular axis of the femur. The data of level walking and stair ascending have been taken from Wyss and Costigan. 27 to evaluate the implant model under high loading conditions. In this model, no muscles have been modeled. Thus, the structure might not have enough support and might become unstable during the solving process. Using the ''weak spring'' option in ANSYS workbench, the program can detect an unstable condition, and it adds weak springs on the model to make it capable of withstanding small external forces.
Results

Finite element analysis of the model during stair ascending
The model that consists of the tibia with linear elastic material properties is used for FEA. Figures 2-5 show contact pressure and von Mises stress for 15°and 60°of flexion in stair ascending and 120°of flexion in squatting. In these flexion angles, the contact pressure is the highest during stair ascending and squatting. Figure 2 shows the von Mises stresses and contact pressure distribution on the articulating surface of the tibia. In both, contact pressure and von Mises stress distribution results, the peak von Mises stress occurs on the lateral side of the tibia. The stress gradient is not high which shows that the articulating surface is smooth enough, and the stress has distributed evenly on the surface. The peak von Mises stress in 60°of flexion in stair ascending is 12.3 MPa which is lower than the fatigue failure limit of UHMWPE, which is 32 MPa. 28, 29 A section plane that passes through the peak von Mises stress location on the superior surface of the tibia is defined so the von Mises stress distribution under the superior surface can be seen.
One of the most important UHMWPE wear modes is delamination, 30, 31 so it is essential to know where the maximum stress is happening below the superior surface of the tibia. According to previous studies 13 as well, the peak shear stress reaches its highest value about 1 mm beneath the articulating surface as it can be seen in Figure 3 . 15°of flexion happens at toe-off during the ISO simulated gait cycle. Thus, it has high articular stresses compared to other flexion angles during gait cycle. Although the linear elastic model simplifies the material, it still leads to accurate responses, especially for small strain values. 25 The strain values in the PE tibial insert under ISO loading have been shown to reach levels higher than the yield strain value of the material. On the contrary, the viscoelastic model results show improvement in the accuracy, especially for larger strain values. The linear viscoelasticity model enables the prediction of time dependence and viscoelastic flow.
Due to large internal-external rotation during stair ascending, the contact area between tibial and femoral inserts would decrease and consequently the contact pressure would be higher. 60°of flexion during stair ascending is an extreme testing and still we can see in Figure 4 that the von Mises stresses are much lower than the fatigue limit. As it can be seen in Figure 4 , the von Mises stress distributions are similar to the von Mises stress distributions in the finite element model with the linear elastic tibia. The stress gradient is lower in the viscoelastic model compared to the linear elastic model. Thus, it shows a more even stress distribution. The peak von Mises stress in the viscoelastic model is lower compared to the linear elastic model, for example, the peak von Mises stress in zero degrees flexion is about 5.2 MPa, and in the viscoelastic model, it is 4 MPa. The contact pressure and the location of the peak von Mises stress have not changed by using different deformable constitutive material models. 
FEA of the model during squatting
Squatting is one of the body movements that results in higher stresses on the knee implant due to the higher degrees of flexion, resulting in different contact areas. As the flexion angle increases, the contact area will decrease, so the peak contact pressure and von Mises stresses would be higher compared to movements with lower flexion angle. The contact pressure has increased significantly in squatting compared to contact pressure in level walking and stair ascending, due to higher flexion angle and smaller contact area. The location of the peak contact pressure has moved to the posterior side of the articulating area, and as the flexion angle increases the location of the peak contact pressure gets closer to the lateral side of the tibial insert. The same trend happens in the von Mises stress distribution. The peak contact pressure and von Mises stresses during two flexion angles (90°and 120°of flexion) of squatting are evaluated. The contact area at 120°of flexion is close to the edge of the tibia and it can be a source of fatigue failure, but it should be noted that this result is happening at the most extreme flexion angle (120°), with the maximum amount of loading (squatting) and the minimum amount of contact area (due to high flexion angle). So, all the contact area that we have at this flexion angle (120°) is close to the anterior edge of the tibia, that is, no matter what kind of knee implant is being used, the contact area and contact pressure would be in this area for this specific flexion angle. Also, this new knee implant design is the first of its kind that is being tested at this high flexion angle and has stress values less than fatigue failure of the PE. Most of the knee implants are being tested at flexion angles less than 115°and post-arthroplasty patients are being told not to do extreme activities (which includes squatting with 120°of flexion). The peak contact pressure and von Mises stresses in 120°of flexion are almost twice the peak contact pressure and von Mises stresses in 90°of flexion, which can be seen in Table 3 . These results show that the flexion angle is a major factor in affecting the contact pressure and von Mises stress distribution.
The peak von Mises stresses in 90°of flexion and 120°of flexion are 16.28 and 29.55 MPa, respectively. Both of these peak stresses are less than the fatigue failure limit of UHMWPE which is 32 MPa. It is important to note that 120°of flexion during squatting has the highest amount of load and least amount of contact area, thus the von Mises stresses are the highest and very close to the fatigue failure limit of PE. This shows that squatting with 120°of flexion is the limit of this design which is still higher than the limit of previous models.
FEA of the model during level walking
The gait cycle begins with the initial contact of the foot with the ground and ends after the swing phase before the foot contacts the ground again. The finite element model with both material constitutive models (linear elastic and viscoelastic tibia) has been used to simulate the motion of the knee during the ISO gait cycle (Figures 6 and 7 ).
Validation and comparison with experimental results
For the experimental test, one knee implant is tested under axial compressive loads of knee bending and squat. Table 4 shows the boundary conditions that have been used during the test. The 3D-printed prototype of the femoral and tibial insert are positioned at specific flexion angles on the AMTI knee simulator (Figure 8 ). The input waveforms for the displacement control conditions are defined such that the expected orientation of the TKA components and the load on the tibia insert is achieved. A double-sheet layer of the LLW Fuji film is cut and put between the femoral and tibial insert (between the articulating surfaces). Then, the axial force is applied and remained for 1 min in a steady condition. The pre-scale super-low grade film (LLW: 0.5-2.5 MPa pressure range) is used. Each test is repeated three times to compute the average contact pressure and area. Then, the Fuji films are scanned and analyzed using ImageJ software (National Institute of Health, USA) at a resolution of 1400 dpi. The area of the marked patch on the Fuji film is measured to compute the contact area and the average contact pressure. The contact areas are measured conservatively by considering the dark areas of contact region marked on the films. Then, the 60%-40% load distribution is used for the medial and lateral sides, respectively. Table 5 shows the comparison between contact pressure results of the experimental test and finite element study.
Contact pressure increases as flexion angle raises in both knee bend and squat. As it can be seen, both FEA and experimental test results show that the higher load on the tibial insert results in the larger contact area at the tibiofemoral articulation surface. However, the average contact pressure will be still larger due to the larger amount of loading. As the knee bends, the amount of contact area on the lateral side decreases (higher flexion angles), although it is not significant.
Comparison with previous studies
The work of Van den Heever et al. 34 has been considered for comparison with this study (Figure 9 ). In Van den Heever et al., four different knee joint models have been studied, and the contact stresses of these models have been evaluated. The finite element models of each of the four implants (three conventional knee implants, and one custom knee implant) were developed. The femoral component is modeled as linear elastic and isotropic with material properties of CoCr alloy. The PE bearing is modeled as a non-linear material. The loads are modified for the knee replacements by offsetting the load toward the medial condyle with a ratio of 60:40 and the inferior surface of tibial bearing is constrained The axial force data are based on the study by Bergmann et al. in all directions same as this study. In the work by Van den Heever et al., 10-node tetrahedral element has been used for meshing which is different from this project, but it would not affect comparing the results of these two works.
Discussion
In this article, static analysis of a customized surfaceguided knee implant based in MRI data of a knee joint is presented. Results of the finite element modeling process show that peak von Mises stresses on tibial articulating surface is below the fatigue failure limit of UHMWPE during walking, squatting and stair ascending. The FEA is done in two models with different material foundation: elastic and viscoelastic. The viscoelastic model has the same trend as in stair ascending compared to the linear elastic model. The von Mises stresses and contact pressures are lower in the model with the viscoelastic tibia compared to the model with the linear elastic tibia. The difference is more noticeable in the flexion angles with a higher amount of loading for example at 45% of the gait cycle; the viscoelastic model has 20% lower von Mises stresses and contact pressures compared to the model with the linear elastic tibia. In the swing phase, which is approximately 60%-95% of the gait cycle, the von Mises stresses are low because of the low loading in this phase, which is about 167 N (almost 6% of the peak load). The total contact area is found to decrease as the knee reaches higher flexion angles (90°and 120°of flexion during squatting) based on both the , respectively. The tibiofemoral mean peak contact stress of the surface-guided knee implant is compared with four different conventional knee implants studied by Van den Heever et al. under the same loading and boundary conditions. The mean peak contact pressure of the surface-guided knee implant is lower than all the investigated knee implants by Van den Heever et al. The limitation of using linear elastic foundation model in the FEA has resulted in overestimation of the peak contact pressure and von Mises stress. Thus, we can assume that the actual results of peak contact pressure and von Mises stress for the customized surface-guided knee implant would even be lower than what is shown in this article. The results of the maximum stress comparison with previous works show that the most uniform distribution happens when the design is patient-specific and also surface-guided.
Based on Weiss et al. 35 study, more than 75% of patients with TKAs experience difficulties and limitations in performing activities that require high flexion angles, like squatting and kneeling. Thus, one of the goals in improving artificial knee designs is to get closer to the normal kinematics and to reach to higher range of flexion. The results of simulation and experimental test confirm that the new knee implant design is successful in restoring normal kinematics.
The pattern of motion is not only close to normal during level walking, but can also achieve higher flexion angles compared to previous conventional knee implants. These higher flexion angles are being achieved with different load conditions including squatting and stair ascending. The incremental changes of the radii on the lateral guiding arcs provide the guidance of the motion in each flexion angle. Also, anterior sides of the medial and lateral compartments are matching the anatomical shape of the patient's knee which helped the implant to keep the stability of the joint and provide close to normal patellofemoral motion.
Conclusion
After total knee arthroplasty surgery, the PE stresses are dependent on the kinematics and the design of the implant. The main goal of this study is to analyze the new surface-guided knee implant to see if it can perform similarly or better than conventional knee implants under high loading conditions and high flexion angles. The contact pressure and von Mises stress distribution results of this study have been used to improve the design of the new surface-guided knee implant to decrease the stress concentration on the articulating surface of the tibial insert. Based on the comparison of the peak von Mises stresses with that of previous work, we can conclude that the surface-guided stresses and contact pressures are within the range of currently used implants. The main advantage of the new design is the most normal kinematics without requiring the cruciate ligaments. The new surface-guided knee implant has the potential of providing an even contact stress distribution with lower contact stresses and lower maximum von Mises stresses on the tibial component, which can result in a reduction of surface fatigue and wear. The mean peak contact pressure of the new surface-guided knee implant is almost 10% lower than that of previous studies. Also, the effect of different flexion angles on the stress distribution of the tibial component has been evaluated.
Having movement difficulties is usually reported after knee arthroplasty with conventional knee implants. The new design promises the knee implant that enables the patients to reach high flexion angles during daily living activities, like squatting, stair ascending and cross-legged sitting. The specific design features of the new knee implant design guide the motion of the joint with very low dependency on the cruciate ligaments. Also, the contact characteristics of the knee implant are evaluated, as the contact stress affects the performance of the implant. The pressuresensitive films evaluated the contact area and mean contact pressure during squatting and stair ascending, and it showed that the contact area for the knee implant is similar to a healthy knee joint contact area.
In the design process of the new knee implant, patient-specific tibiofemoral articulating surfaces are created based on the knee's specific geometry parameters that are extracted from the 3D model of the patient's knee MRI. The new design is aiming to fulfill a closer to normal pattern of motion. Here is a summary of the major contributions of this study:
The developed patient-specific model of the knee implant with multi-radii guiding arc on the lateral compartment is evaluated in simulation and experimental tests including contact stress analysis, contact pressure analysis and pressure sensitive film experiment. The pattern of motion and the range of flexion for level walking, squatting and stair ascending are in close agreement with the design goal and are also consistent with the findings of previous studies for the normal knee's pattern of motion. Less than 10% error are found between the simulated and experimentally measured contact area and contact pressure in various flexion angles and motion patterns. Thus, the experimental testing successfully validated the contact analysis simulations for the kinematic performance of the new surfaceguided knee implant.
